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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

EFFECT OF COMBUSTION GAS PROPERTIES ON TURBOJET-ENGINE 

PERFORMANCE W I T H  HYDROGEN AS FUEL" 

By Robert E. English 

SUMMARY 

I n  tu rbo je t  engine analyses considering hydrogen as the fue l ,  lack 
of da t a  on gas propert ies  i n  a form convenient f o r  thermodynamic calcula- 
t i o n  has resu l ted  i n  adjustment of engine cycle calculat ions using JP-4 
f u e l  f o r  t he  change i n  heat content of the f u e l .  This ana lys i s  compares 
engine performance determined i n  t h a t  way  with t h e  performance obtained 
from computations employing hydrogen as the f u e l .  The adjusted values 
from the  Jp-4 calculat ions compared with those from the hydrogen calcula- 
t i ons  as follows: Fuel spec i f ic  impulse w a s  as much as 3 percent high. 
T h r u s t  per u n i t  a i r  flow w a s  as much as 5 percent low. A i r  flow per 
u n i t  of turbine f r o n t a l  area w a s  as much as 1 percent low. 

INTRODUCTION 

The high heating value of hydrogen has recent ly  aroused considerable 
i n t e r e s t  i n  i t s  use as a turboje t  engine f u e l .  In  reference 1, lack of 
da ta  on gas propert ies  i n  a form convenient f o r  thermodynamic cycle ca l -  
cu la t ion  resu l ted  i n  adjustment of engine cycle calculat ions using JP-4 
f u e l  f o r  t h e  change i n  heat content o f  t h e  f u e l .  I n  par t icu lar ,  t h e  
values of t h r u s t  per  uni t  air flow and the flow areas have been assumed 
unchanged from those f o r  Jp-4 fue l ,  and the values of f u e l  spec i f ic  i m -  
pulse were increased i n  d i r e c t  proportion t o  the  heating value of t h e  
f u e l .  This analysis  invest igates  t he  va l id i ty  of these assumptions. 

For t h i s  purpose, the performance of a se r i e s  of hypothetical  turbo- 
j e t  engines w a s  determined by thermodynamic analysis  at t h e  NACA Lewis  
laboratory.  
carbon r a t i o  of 0.167). Reference 2 was  the  source of data on proper t ies  
of conibustion products. A method of extrapolating the  data  of reference 
2 t o  a hydrogen-carbon r a t i o  of i n f i n i t y  (hydrogen as f u e l )  i s  presented 
i n  t h e  appendix. The calculat ions were checked by exnploying the da t a  of 
reference 3; essen t i a l ly  the same resu l t s  were obtained. 

Two f u e l s  were used - hydrogen and Jp-4 (assumed hydrogen- 

The e f f e c t s  of using hydrogen on engine operation are a l s o  analyzed 
The r e s u l t s  of these references are not d i r e c t l y  i n  references 4 and 5. 

comparable with those presented herein, because the  bases of analysis  
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SYMBOLS 

spec i f i c  heat a t  constant pressure, Btu/(lb)('R) 

fue l - a i r  r a t i o  

lower heating value, Btu/lb 

hydrogen- carbon ra t  i o  

enthalpy , B t u/lb 

f u e l  enthalpy, Btu/lb 

f u e l  spec i f ic  impulse, ( l b  th rus t ) ( sec ) / ( lb  f u e l )  

temperature, OR 

I f f  
-(h f - ho) ( r e f .  2 ) ,  B t u / l b  

E(@ - 00)  ( r e f .  2 ) ,  B t u / l b  
f 

/: dT, Btu/(lb)('R) 

Subscripts : 

0 

0.1 

0.167 

0.2 

OD 

C 

d 

a i r  

hydrogen-carbon r a t i o  of 0 

hydrogen-carbon r a t i o  of 0 

hydrogen-carbon r a t i o  of 0 

1 

167 ( JP-4)  

2 

hydrogen-carbon r a t i o  of i n f i n i t y  (hydrogen) 

gas k O z  - 02] (See p. 30 of r e f .  2 .  ) 

gas [%O - 02] (See p. 30 of r e f .  2 . )  

.......... 
0 .  . e  . . . . . .  
0 .  0 .  .......... 
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Flight  Mach 
number 

ANALYSIS 

In le t -d i f fuser  
pressure 
recovery 

I R a n g e  of Calculations 

Engine performance was calculated independently f o r  use of each fue l ,  
I hydrogen and JP-4. The assigned engine operating conditions a r e  as 
I follows : 

Compressor work, Btu/lb . . . . . . . . . . . . . . . . . . . . . . .  75 
Compressor polytropic eff ic iency . . . . . . . . . . . . . . . . .  0.90 
Combustor total-pressure r a t i o  . . . . . . . . . . . . . . . . . .  0.95 
Turbine polytropic eff ic iency . . . . . . . . . . . . . . . . . . .  0.85 
Afterburner total-pressure r a t i o  . . . . . . . . . . . . . . . . .  0.90 
Primary-combustor combustion eff ic iency . . . . . . . . . . . . . .  0.98 
Afterburner combustion eff ic iency . . . . . . . . . . . . . . . . .  0.90 
Exhaust-nozzle ve loc i ty  coef f ic ien t  . . . . . . . . . . . . . . . .  0.97 
Fl ight  Mach number . . . . . . . . . . . . . . . . .  0.9, 1.5, 2.0, 2 .5  
Ambient temperature, OR . . . . . . . . . . . . . . . . . . . . . .  390 

The following combinations of turbine i n l e t  temperature and after- 

I burner e x i t  temperature w e r e  considered: 

I Turbine i n l e t  I Afterburner e x i t )  
temperature, 

3000 
2 000 
3000 
2 000 

No afterburner 
N o  afterburner 

3500 
3500 

I The i n l e t  d i f fusers  were assumed t o  have the following pressure 
recoveries:  

0.9 
1.5 
2 . 0  
2 . 5  

0.950 
,938 
.886 
.752 

Fuel Properties 

For JP-4, t h e  lower heating value and t h e  f i e 1  enthalpy corresponding 
t o  t h e  datum of 600' R of reference 2 were assumed t o  be 18,574 and 0 Btu 

.......... ....................... 
0 .  0 .  .... . 0 .  0 .  . ...... . ...... ........ 
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per pound, respec t ive ly .  For hydrogen, t h e  lower heat ing value a t  t h e  
standard temperature of 2 5 O  C i s  51,571 Btu per pound ( r e f .  6) ;  ad jus t -  
ment of t h i s  value t o  t h e  600° R datum of reference 2 r e s u l t s  i n  a lower 
heating value of 51,555 Btu per pound f o r  use i n  t h e  combustion equations 
of reference 2.  The hydrogen w a s  assumed t o  be  received by t h e  engine as 
a sa tura ted  l i q u i d  a t  1-atmosphere pressure; re fe rence  7 ind ica t e s  t h a t  
with a datum temperature of 600' R t h e  f u e l  enthalpy i s  then  -1905 B t u  
per pound. 

The l i q u i d  hydrogen supplied t o  t h e  engine w a s  assumed t o  b e  normal 
hydrogen r a t h e r  than t h e  more s t a b l e  para  form, but  t h e  e f f e c t  of t h i s  
assumption on t h e  var iab les  t o  be compared i s  negl ig ib le .  

Form of Resul ts  

The engine c h a r a c t e r i s t i c s  t h a t  w e r e  computed are: (1) f u e l  s p e c i f i c  
impulse, ( 2 )  t h r u s t  per u n i t  air flow, and ( 3 )  t h e  amount of compressor 
i n l e t  a i r  flow t h a t  can be  passed through a square foo t  of flow area a t  
t h e  turb ine  e x i t  i f  t h e  flow i s  choked. The cor rec t ion  f a c t o r  o r i g i n a l l y  
used f o r  ad jus t ing  t h e  f u e l  s p e c i f i c  impulse of ca lcu la t ions  f o r  JP-4 f u e l  

t o  tha t  of hydrogen is where t h e  hea t ing  value 
(E + hf), 

(' 4- hf 10.167 
and f u e l  enthalpy correspond t o  t h a t  a t  t h e  usua l  datum temperature of 
25' C.  Under these  conditions,  

(E + hf)o.167 = 18,574 Btu/lb ( re f .  2 )  

- 
H, = 51,571 Btu/lb (ref. 6) 

hf,, = -1688 Btu/lb ( ref .  7 )  

The sum of t h e  heat ing value and f u e l  enthalpy f o r  JP-4 is not changed 
s ign i f i can t ly  by t h e  change i n  datum temperature from 600' R t o  25' C .  
For each of t hese  engine c h a r a c t e r i s t i c s  ( fue l  s p e c i f i c  impulse, thrust  
per un i t  air flow, and flow per u n i t  area), t h e  r a t i o  of t.he value de- 
termined from t h e  hydrogen ca l cu la t ions  t o  t h a t  from t h e  JP-4 ca lcu la t ions  
w a s  computed. The resul ts  of these  ca l cu la t ions  are preseqted i n  f igu res  
1 t o  3. 

RESULTS 

Fuel Spec i f ic  Impulse 

The r a t i o  of f u e l  s p e c i f i c  impulses f o r  hydrogen as f u e l  i s  E--own i n  
f igure  1 t o  range from 0.968 t o  1.004. Correct ion of f u e l  s p e c i f i c  

....................... .......... . 0 .  0 .  . .... 0 .  0 .  ........ 0 .  0 .  
...... . i.. . . . . . .  

0 .  O b  0 ......................... 
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impulse from ca lcu la t ions  using JP-4 may thus b e  i n  e r r o r  by as much as 
3 percent.  For t h e  engines invest igated,  the e r r o r  increases  with in- 
creasing temperature and, thus,  w i t h  increasing f u e l - a i r  r a t i o .  After-  
burning engines have l a rge r  e r ro r s  than nonaft erburning ones. 

i ' 
i 

-_ 1L'must per u n i t  Air Flow 

The t h r u s t s  per u n i t  a i r  flow f o r  t h e  two f u e l s  a r e  shown i n  f i g -  
ure  2 t o  d i f f e r  by 2.7 t o  5 . 4  percent.  Just  as f o r  t h e  f u e l  s p e c i f i c  
impulse, g r e a t e r  v a r i a t i o n  i s  obtained with l a rge r  f u e l - a i r  r a t i o .  

The g r e a t e r  t h r u s t  per u n i t  air flow obtained from hydrogen r e s u l t s  
from a combination of two e f f e c t s .  Replacement of carbon dioxide i n  t h e  
exhaust gas by water vapor results i n  a reduction i n  t h e  average molecular 
weight and thereby an increase i n  exhaust j e t  v e l o c i t y  f o r  any given ex- 
haust nozzle pressure r a t i o  and i n l e t  temperature. On t h e  other  hand, 
the  high heat ing value of hydrogen reduces the f u e l - a i r  r a t i o  requi red  t o  
obta in  a given combustion temperature, with the resu l t  t h a t  the mass of 
gas leaving t h e  engine decreases.  The reduction i n  average molecular 
weight i s  t h e  predominant e f f ec t ,  and t h e  th rus t  per u n i t  a i r  flow 
increases .  

Flow per Unit Area 

Changes i n  gas proper t ies  r e s u l t i n g  f r o m  changing f u e l s  a f f e c t  t h e  
a t t a i n a b l e  flow per u n i t  a rea  a t  the  turb ine ,  e x i t  i n  a v a r i e t y  of' ways. 
The low molecular weight of t h e  products of combustion of hydrogen de- 
creases  gas dens i ty  and thus tends t o  increase flow area. The concomitant 
increase i n  gas constant R tends t o  decrease t h e  flow area f o r  two rea- 
sons: (1) An increase i n  gas constant R increases speed of sound and 
thus t h e  permissible gas ve loc i ty .  (2) For higher values of gas constant  
R, t h e  turb ine  pressure r a t i o  required t o  dr ive t h e  compressor decreases.  
The combination of t h e s e  e f f e c t s  i s  shown i n  f i g u r e  3 t o  r e s u l t  i n  a 0.5 
t o  1.0 percent increase i n  a t t a i n a b l e  flow pe r  u n i t  area a t  t h e  t u r b i n e  
e x i t .  For a given turb ine  hub-tip rad ius  r a t i o ,  t h e  a t t a i n a b l e  flow per 
u n i t  t u r b i n e  f r o n t a l  a rea  i s  a f f e c t e d  i n  the same manner. 

CONCLUDING REMARKS 

For s e v e r a l  hypothet ical  t u r b o j e t  engines, engine performance from 
cycle c a l c u l a t i o n s  using JP-4 w a s  ad jus ted  for the  change i n  heat  content  of 
the  f u e l  and compared with the  performance computed f o r  hydrogen as f u e l .  The 
ad jus ted  values  from JP-4 c a l c u l a t i o n s  compared with those from the  hydrogen 
c a l c u l a t i o n s  as follows: 

.......... m e .  e m .  a .e.. me. * *  
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1. Fuel spec i f ic  impulse was as much as 

2 .  Thrust per u n i t  a i r  f l o w  w a s  as much 

3. A i r  flow per u n i t  of turbine f r o n t a l  
cent low. 

Lewis F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, October 18, 1955 

3 percent high. 

as 5 percent low. 

area w a s  as much as 1 per- 
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APPENDIX - EXTRAPOLATION OF HYDROGEN-CARBON 

RATIO TO INFINITY 

Equation (34) of reference 2 

h, + (H/'C) hd 
h = t [  1 + f 1 -k (H/C) ]+% 

can be changed t o  read 

Revision of equation (35) of reference 2 yields 

Values of a h  
f o r  hydrogen-carbon r a t i o s  from 0 . 1 t o  0.2. Because t h e  propert ies  of 
a i r  and t h e  gases "c" and "d" are independent of hydrogen-carbon r a t i o  
f o r  any given temperature, equation ( 2 )  can be used t o  determine $h 
any se lec ted  value of hydrogen-carbon r a t i o ,  i n  t h i s  case f o r  i n f i n i t y ,  
i n  terms of t h e  values of $h 
I n  par t icu lar ,  

are presented i n  reference 2 f o r  various temperatures and 

f o r  

f o r  hydrogen-carbon r a t i o s  of 0.1 and 0.2.  

hc - hd h, - hd 
1 + 0.1  %0.2 - $h,0.1 = 1 + 0.2 

For a hydrogen-carbon r a t i o  of i n f in i ty ,  equation (2) reduces t o  

@h,m' hd - hO (4 1 

Subs t i tu t ion  of equation (3) i n t o  equation ( 2 )  y i e lds  

.......... ....................... 
0 .  0 .  0 . 0  . .... . 0 .  0 .  . . . . . . . . . . . . . . . . .  * ...... 
0 .  0 .  ........ .............. .a* .  . . . . . . .  
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and f o r  a hydrogen-carbon r a t i o  of 0.2, t h i s  expression reduces t o  

Combination of t h i s  expression and equation (4 )  gives 

Values of +-h, o. and *h,O.l read from reference 2 can thus  be used 

t o  determine qh,,, f o r  any se lec ted  temperature. 

Equation (34) of reference 2 also y ie lds  

- @d 1 9 = -[@ f 
l + f  d - * O + 1 + 0  + a 0  

This expression can be modified, j u s t  as equation (1) w a s  modified, t o  
produce 

%p,w= l2 $@,0.2 - $@,O.l ( 7 )  
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Figure 2. - Effect of gas properties on thrust per un i t  a i r  flow. 
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Figure 3. - Effect of gas properties on f l o w  per 
u n i t  area. 
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